Aneurysmal bone cyst (ABC) is a benign osteolytic bone lesion in which there are blood-filled spaces separated by fibrous septa containing giant cells. The nature of the giant cells in this lesion and the mechanism of bone destruction in ABC is not certain. In this study, we have analysed several characteristics of mononuclear and multinucleated cells in the ABC and examined the cellular and molecular mechanisms of ABC osteolysis. The antigenic and functional phenotype of giant cells in ABC was determined by histochemistry/immunohistochemistry using antibodies to macrophage and osteoclast markers. Giant cells and CD14 þ and CD14À mononuclear cells were isolated from ABC specimens and cultured on dentine slices and coverslips with receptor activator of nuclear factor kB ligand (RANKL) þ /À macrophage-colony stimulating factor (M-CSF) and functional and cytochemical evidence of osteoclast differentiation sought. Giant cells in ABC expressed an osteoclast-like phenotype (CD51 þ , CD14À, cathepsin K þ , TRAP þ ) and were capable of lacunar resorption, which was inhibited by zoledronate, calcitonin and osteoprotegerin (OPG). When cultured with RANKL ± M-CSF, CD14 þ , but not CD14À, mononuclear cells differentiated into TRAP þ multinucleated cells that were capable of lacunar resorption. M-CSF was not necessary for osteoclast formation from CD14 þ cell cultures. CD14À cells variably expressed RANKL, OPG and M-CSF but supported osteoclast differentiation. Our findings show that the giant cells in ABC express an osteoclast-like phenotype and are formed from CD14 þ macrophage precursors. CD14À mononuclear stromal cells express osteoclastogenic factors and most likely interact with CD14 þ cells to form osteoclast-like giant cells by a RANKL-dependent mechanism.
Benign and malignant tumours that contain numerous osteoclast-like giant cells frequently arise in bone and are categorised on the basis of tissue location and histomorphology. 1, 2 The mechanism whereby giant cells accumulate and contribute to the osteolysis that accompanies growth of these tumours in bone is not certain. Primary aneurysmal bone cyst (ABC) is a benign cystic giant cell-rich tumour that arises most commonly in the metaphyseal region of a long bone;
1,2 the cysts are filled with blood and the fibrous cyst wall contains fibroblast-like stromal cells, scattered macrophages and osteoclast-like giant cells. The lesion most commonly arises in the first two decades of life and is a clonal proliferation associated with a characteristic rearrangement of the short arm of chromosome 17. [3] [4] [5] Osteoclasts are formed from marrow-derived circulating precursors, which express a monocyte/macrophage phenotype. 6, 7 These mononuclear phagocyte precursors express the receptor activator of nuclear factor kB (RANK) and, in the presence of macrophage-colony stimulating factor (M-CSF) and the ligand for RANK (RANKL), differentiate into multinucleated cells that express the specific cytochemical and functional phenotype of mature bone-resorbing osteoclasts. [8] [9] [10] It has been shown that in giant cell tumour of bone (GCTB), a distinct clinicopathological entity that most commonly arises in the epiphysis of a long bone, the giant cells express the phenotypic and functional features of mature osteoclasts. 11 Whether ABC and other giant cellrich lesions of bone that arise in other anatomical locations also contain osteoclast-like giant cells has not been determined.
In this study, our aim has been to determine the nature of mononuclear and multinucleated giant cells in ABC. We have determined the phenotypic characteristics of giant cells in ABC and, in cell culture studies, sought to identify the mononuclear precursor population that gives rise to them. We have also determined the cellular and molecular mechanisms required for giant cell formation in ABC and evaluated whether pharmacological inhibitors of osteoclast formation and bone resorption could have a role in the ABC treatment.
MATERIALS AND METHODS
Alpha minimum essential medium (aMEM) and foetal bovine serum (FBS) were purchased from Gibco Laboratories (Paisley, Scotland); aMEM containing 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin (MEM/FBS) was used for cell culture experiments. M-CSF and osteoprotegerin (OPG) were purchased from R&D Cytokines (Abingdon, UK). Collagenase and the diagnostic tartrate-resistant acid phosphatase (TRAP) kit were from Sigma Diagnostics (St Louis, MO, USA). All reagents used in reverse transcription and DNA amplification were from Invitrogen, Life Technologies (Paisley, UK Isolation and Culture of Giant Cells from ABC Fresh tissue from five cases of ABC, all of which showed radiological and morphological evidence of osteolysis, was obtained at the time of surgery at the NOC, Oxford. ABC tumour tissue was washed in sterile phosphate-buffered saline (PBS). Fragments of the tumour were then placed in collagenase (diluted 1 mg/ml in aMEM) and incubated at 371C for up to 45 min. The digested tissue suspension was then passed through a 70-mm pore size cell strainer (Falcon, Becton Dickinson, Oxford, UK). The number of giant cells was counted in a haematocytometer and the volume adjusted to obtain approximately 30 giant cells. The cell suspension was then added to dentine slices, prepared as previously described, 11 or glass coverslips in a 96-well plate. After 3 h incubation at 371C in a humidified atmosphere of 5% CO 2 and 95% air, the dentine slices and glass coverslips were washed in MEM/FBS to remove any non-adherent cells. The slices were then transferred into 24 well plates containing fresh MEM/FBS and incubated in the presence and absence of the resorption inhibitors calcitonin (10 ng/ml), OPG (500 ng/ml) and zoledronate (10 À8 M/ml). Cultures were maintained for 24 h and 72 h at 371C. Cultures on glass coverslips were fixed in acetone and stained histochemically for the expression of the osteoclast marker TRAP using a commercially available kit (Sigma Diagnostics) and counterstained with haematoxylin. 12 Cultures on dentine slices were treated with 1 M ammonium hydroxide, washed in distilled water and ultrasonicated to remove adherent cells; these slices were then stained with 0.5% (w/v) toluidine blue to reveal areas of lacunar resorption and examined by light microscopy. The number of resorption pits was counted and the percentage surface area of lacunar resorption on each dentine slice measured using image analysis software (Adobe Photoshop, USA) as previously described.
11
Isolation of Giant Cells and CD14 þ and CD14À Mononuclear Cells from ABC Tissue Isolation of specific mononuclear cell populations was carried out following collagenase digestion of ABC tissue. The filtrate was centrifuged at 1300 rpm for 10 min and the cells then resuspended in PBS, 2 mM EDTA, 0.5% BSA and incubated with MACS, CD14 microbeads (Miltenyi Biotec, UK) for 15 min at 41C before being passed through a Minimax magnetic cell separator. ABC-derived mononuclear cells were sorted into CD14 þ and CD14À cell populations and the respective populations added (1 Â 10 5 cells/well) to 6 mm glass coverslips and dentine slices in a 96-well tissue culture plate. After 3 h incubation, the dentine slices and glass coverslips were washed in MEM/FBS to remove any non-adherent cells and then transferred to 24-well tissue culture plates.
Culture of CD14-Mononuclear Stromal Cells from ABC CD14À cells isolated from ABC tissue as detailed above were washed in PBS. Then cultured in tissue culture flasks, covered with a small amount of aMEM/FBS and incubated at 371C in a humidified atmosphere containing 5% CO 2 . The medium was changed after 24 h and then at 5-7 day intervals. Outgrowth cultures of cells from these fragments were continuously observed and the morphology of the cells noted. Cultures were passaged after 2 weeks, re-grown and then passaged after a further 2-4 weeks in culture. Human monocytes isolated from peripheral blood were co-cultured on coverslips with the above CD14À cells, as previously described, 11 and evidence of osteoclast differentiation by TRAP staining was determined.
PCR Analysis of CD14À Mononuclear Cells Derived from ABC
To determine whether CD14À mononuclear cells expressed the mRNA for osteoclastogenesis-associated factors, RT-PCR was carried out on three cases of ABC to identify mRNA transcripts for RANKL, M-CSF and OPG. GCTB stromal cells, which supported osteoclastogenesis in our previous study, 11 were employed as positive control. RNA was extracted from cultured cells in TRI Reagent (Sigma) and treated with DNAase I (Invitrogen). RNA was tested for quality and concentration using a NanoDrop ND1000 spectrophotometer. Single-strand cDNA was synthesised using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) and oligo dT primers. RT-PCR was performed with the RotorGene 3000 (Corbett Research) and the Express SYBR GreenER Kit (qPCR Supermix Universal) (Invitrogen). The PCR cycling conditions were as follows: 501C 2 min, 951C 2 min, 951C 15 s, and 601C 1 min for 40 cycles. QuantiTect real-time primer sets were designed by Qiagen. The catalogue numbers were as follows; RANKL (QT00215614), M-CSF (QT00035224), OPG (QT00014294) and b-actin (QT00095431). b-actin mRNA expression served as an internal control. The experiments were repeated at least two times. All the samples were amplified in triplicate. One-way analysis of variance (ANOVA) test followed by Dunnet post hoc test was performed in order to compare the data between control GCTB cells and CD14À ABC cells using Graphpad Prism. (Graphpad Software, La Jolla, CA, USA).
RESULTS

Morphological and Cytochemical Features of Mononuclear and Multinucleated Cells of ABC
Haematoxylin and eosin-stained sections of 20 ABC cases showed the typical features of a cystic bone lesion in which there were blood-filled spaces separated by fibrous septa containing numerous macrophages and scattered osteoclastlike multinucleated giant cells. The giant cells showed no marked cytological atypia or mitotic activity. Reactive bone formation was seen in the fibrous septa of some tumours. Immunohistochemical staining of paraffin sections of ABC showed that the giant cells expressed an osteoclast phenotype being CD14À, CD51 þ , CD68 þ and cathepsin K þ (Figure 1) . 13, 14 A few scattered round or ovoid macrophage-like cells in the mononuclear component had a similar antigenic phenotype. There were also spindle-shaped fibroblast-like stromal cells that were negative for the above macrophage/ osteoclast markers in the fibrous septa.
Phenotypic Characteristics of Cultured Multinucleated Giant Cells Isolated from ABC
The multinucleated giant cells isolated from ABC were large (TRAP þ ) cells, which had abundant cytoplasm with broad pseudopodia. Lacunar resorption is the functional criterion whereby a multinucleated cell is defined as an osteoclast, 6, 15 and in 24 h cultures of unsorted cells derived from ABC, it was noted that isolated giant cells formed numerous lacunar resorption pits, both in the presence and absence of RANKL and M-CSF. (Figure 2 ) This lacunar resorption was inhibited by the addition of calcitonin, OPG and zoledronate. (Figure 3 ) The addition of zoledronate at 10 À8 mol/ml, was sufficient to abolish osteoclast resorption in vitro on some dentine slices.
Osteoclast-Like Giant Cells in ABC are Formed from CD14 þ Mononuclear Cells
In all 24 h cultures of selected CD14 þ and CD14À ABCderived mononuclear cells on dentine slices, it was noted that there was no evidence of lacunar resorption. After incubation for 21 days in the presence of M-CSF and RANKL or RANKL alone, CD14 þ cell cultures on glass coverslips contained TRAP þ and CD51 þ multinucleated cells. Parallel cultures on dentine slices showed functional evidence of osteoclast differentiation with the formation of numerous single and compound lacunar resorption pits (Figure 4) . The mean number of pits formed on the dentine slices in the presence of RANKL and M-CSF was 46. M-CSF was not required for the formation of osteoclast-like giant cells capable of lacunar resorption. Resorption pits were not formed when RANKL was omitted. Formation of TRAP þ /CD51 þ multinucleated cells and resorption pits were not seen in 21 day CD14À cell cultures ( ± added RANKL and M-CSF).
ABC-Derived CD14À Cells Express RANKL, OPG and M-CSF
RT-PCR studies showed that cultured CD14À cells derived from three cases of ABC expressed mRNA for the osteoclastogenesis-related factors RANKL, M-CSF and OPG.
In ABC case no. 2, RANKL expression was more than 2.5-folds higher than in control GCTB stromal cells with M-CSF expression approximately the same as the control (Figure 3) . In ABC cases no. 1 and no. 3, M-CSF expression was less than half that of control GCTB stromal cells and RANKL expression was approximately the same as the control. Expression of OPG was upregulated (2.5-22-fold) in CD14À cells derived from all three ABC cases ( Figure 5 ).
DISCUSSION
In this study, we have shown that the giant cells in ABC express the phenotypic features of osteoclasts and that these cells form from the CD14 þ macrophages present within the lesion. CD14À mononuclear cells in ABC expressed the osteoclastogenic factors RANKL and M-CSF, and were capable of supporting the formation of TRAP þ multinucleated cells from mononuclear phagocyte osteoclast precursors found in the monocyte fraction of peripheral blood mononuclear cells. These findings suggest that CD14À mononuclear cells in ABC have a crucial role in inducing the RANKL-dependent formation of osteoclast-like giant cells and that these giant cells are responsible for the bone destruction seen in this condition.
Giant cells in ABC exhibited both the antigenic and functional phenotype of osteoclasts, expressing CD51, CD68 and cathepsin K but not CD14. 13, 14 In short-term (24 h) cultures of unsorted cells from ABC on dentine slices, these giant cells were capable of lacunar resorption, confirming the osteoclastic nature of these cells. 15 To determine the mechanism whereby these osteoclastic giant cells form in ABC, we isolated CD14 þ and CD14À cell populations from ABC tissue and cultured them in the presence of the osteoclastogenic factors RANKL and M-CSF. Under these conditions, only CD14
þ /TRAPÀ/CD51À mononuclear cells differentiated into CD14 À /TRAP þ /CD51 þ multinucleated cells that were capable of resorption. CD14 þ osteoclast precursors have been shown to lose and acquire macrophage and osteoclast markers respectively in the process of osteoclast differentiation. 14, 16 Our findings indicate that the formation of giant cells in ABC is likely to occur by a similar step-wise process from CD14 þ mononuclear phagocyte precursors.
ABC is one of a number of giant cell-rich lesions of bone associated with excessive bone resorption. Our RT-PCR findings indicate that CD14À stromal cells in ABC express the osteoclastogenic factors RANKL and M-CSF.
11 CD14À stromal cells in GCTB are known to express RANKL and our findings suggest that, as in GCTB, formation of osteoclastlike giant cells in ABC occurs by a RANKL-dependent mechanism whereby CD14 þ mononuclear phagocyte osteoclast precursors interact with RANKL-expressing CD14À mononuclear stromal cells. 11 Osteoid and bone formation by mononuclear stromal cells is not uncommonly seen in the fibrous cyst wall of an ABC and it is likely that, like normal osteoblasts, these bone-forming cells express RANKL. It should be noted that mononuclear stromal cells have been shown to express RANKL in a number of other giant cell-rich lesions of bone and soft tissue including giant cell tumour of soft parts, giant cell granuloma of the jaw and chondroblastoma. 11, [17] [18] [19] Variable expression of RANKL and other growth factors influencing osteoclastogenesis may account for differences in the number of osteoclast-like giant cells as well as other morphological features that can be seen in ABC.
M-CSF is also an essential osteoclastogenic factor and mRNA for M-CSF was also expressed by CD14À mononuclear stromal cells in ABC. M-CSF is required for macrophage formation and survival; it has a role in osteoclast formation and is produced by osteoblasts. 20, 21 M-CSF is known to be produced by tumour cells and stromal cells in several tumours, as well as by activated macrophages, and it is notable that ABC-derived mononuclear stromal cells did not require exogenous M-CSF for osteoclast differentiation. CD14À mononuclear cells also induced the formation of TRAP þ multinucleated cells from CD14 þ monocytes in the absence of M-CSF, suggesting that these cells produce this osteoclastogenic factor.
The origin and nature of ABC is not certain but rearrangement of the short arm of chromosome 17 has been reported, most commonly as a balanced translocation involving the long arm of chromosome 16.
3,4 Overexpression of TRE17/USP6 in the stromal cells of ABC is thought to have a key role in the pathogenesis of ABC; promoters of TRE17/USP6 fusion partners, such as cadherin-11, are active during osteoblast differentiation and bone formation. The chimaeric TRE17/USP6 gene product in ABC is also known to induce the expression of matrix metalloproteinases 9 and 10 via the RhoA-ROCK signalling pathway, leading to activation of NF-kappa B.
22 Rho-ROCK signalling pathway is a critical regulator of bone remodelling, 21, 23 and it is tempting to speculate that overexpression of TRE17/USP6 related to the expression of osteoclastogenic factors noted in ABC.
Our findings show that the giant cells in ABC are osteoclast-like and that these cells form by a RANKL-dependent mechanism. It was therefore not surprising to find that resorption inhibitors reduced lacunar resorption by ABC giant cells. Zoledronate, an aminobisphosphonate that inhibits osteoclast resorption activity and survival, 24 markedly reduced lacunar resorption by giant cells isolated from ABC. OPG binds to RANKL; it competitively inhibits the RANKL-RANK interaction that leads to osteoclast formation and reduces osteoclastic resorption activity. 25 Our findings suggest that pharmacological inhibitors of osteoclast formation and activity may be useful in the treatment of ABC. It is possible that bisphosphonates and the anti-RANKL antibody denosumab, both of which have been used to treat GCTB, 26, 27 may also be useful in inhibiting osteoclast formation and osteolysis in ABC. 
